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INTRODUCTION 

Today, we do not have enough on-orbit construc- 
tion, repair, and maintenance capabilities to ef- 
fectively support aggressive space programs: 
such as Hubble Space Telescope (HST), Ex- 
tended Duration Orbiter (EDO), Long Duration 
Orbiter (LDO), Space Station Freedom (SSF), 
other orbital platforms, and manned Lunar / Mars 
missions. Therefore, its critical that we expand 
our on-orbit capabilities and develop new tools to 
deal with the more demanding tasks that lie 
closely ahead. The Space Construction Repair 
and Maintenance (SCRAM) tool-kit will provide 
us with some of the tools needed to prevail 
through our space programs, and eventually help 
us conquer the space frontier (see Fig^® )• 
Employing extra-vehicular activity (EVA) SCRAM 
tools presents new challenges with on-orbit op- 
erations. This paper will focus on EVA-SCRAM’s 
applications and the corresponding on-orbit and 
even Lunar surface scenarios and performance 
and safety issues. *** 

EVA-SCRAM DEFINITIONS 

This paper will employ the following definitions, 
some of which are specifically tailored for this 
paper's discussion. EVA-SCRAM encompasses 
construction, repair, and maintenance which oc- 
cur outside the pressurized hull of the spacecraft 
(in-vacuum), whether it’s on-orbit or on the Lunar 
surface. On-orblt includes low Earth orbit (LEO), 
Lunar transfer. Lunar, Mars transfer, and Mars 



Figure 5 - Need for Space Construction, Repair, 
and Maintenance (SCRAM) Tools 
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HEATING / CLEANING 


Figure 2 - Space Welding and Thermal Tool (SWATT) Capabilities 
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dexterous operations (i.e. with the Dextrous End 
Effector now under development). In addition, 
teleoperation or even full automation of EVA- 
SCRAM may be achievable using a dedicated 
robotic slave arm (i.e. the Servicing Aid Tool, 
also under development). 

SSF Missions: SSF will present multiple oppor- 
tunities for repair, maintenance, and construc- 
tion over its life-span. EVA-SCRAM tools would 
become critical for repail of orbital debris- or 
fatigue- damaged habitation / laboratory mod- 
ules, radiators, pressurized fluid systems, and 
structure (see Figure 4). Maintenan ce Of sur- 
faces eroded by atomic oxygen or degraded by 
contamination, and construction of modifications 
or expansions to the station structure, habitation 
/ laboratory modules, and power and thermal 
systems will become a routine well suited for 
EVA-SCRAM. 

Lunar Outpost Missions: The imminent renewal 
of manned Lunar missions will open a myriad of 
opportunities for EVA-SCRAM to be heavily 
employed in construction, repair, and 
maintenance of structures, habitation / laboratory 
modules, antennae, solar collector arrays, power 
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Figure 6 - Lunar-Based Antennae Construction 


Figure 5 - Lunar Outpost Construction 


Manned Mission to Mars: The eventual manned 
missions to Mars will consist of LEO preparation, 
interplanetary transfer, low Mars orbit, landing and 
exploration, and return to Earth phases. Over all 
these phases, manned Mars missions could employ 
EVA-SCRAM tools on the orbital transfer, descent, 
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ascent, and surface vehicles. The vehicles’ construction, 
repair, and maintenance tasks suited for EVA-SCRAM 
will involve structures, habitation / laboratory modules, 
aerobrakes, antennae, solar collector arrays, radiators, 
power plants, nuclear shadow shields, fluid lines, and 
various other equipment (see Figures 7-8). 




Figure 8 - Vehicle's Nuclear Reactor 
Shadow Shield Construction 


solar panels, and high emissivity radia- 
tor surfaces. Additional future EVA- 
SCRAM operations will include mass 
production tasks, such as construction 
of large orbital trusses, aerobrakes, 
nuclear reactor shadow shields, and 
Lunar outpost structures. These pro- 
jected tasks (near-term and future) in- 
troduce unique scenarios for both on- 
orbit and Lunar surface EVA opera- 
tions. It is anticipated that the near- 
term EVA-SCRAM operations, which 
may begin as soon as the late 1 990's, 


Figure 7 - Mars Orbital Transfer Vehicle's 
Aerobrake Construction 


EVA-SCRAM SCENARIOS 

Nearest-term EVA-SCRAM operations will in- 
clude construction of fluid lines, construction of 
structural members, repair of orbital-debris punc- 
tures, refurbishment of surfaces eroded by atomic 
oxygen, and cleaning of contaminated optics 
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Figure 9 - Robotic SCRAM Operations 



will rely heavily on seml-automated devices supported 
by manual or telerobotic set-up and manipulation (see 
Figures 3, 9, and 10). Eventually, however, artificial 
intelligence will enable fully-automated robotic EVA- 
SCRAM operations. The following eight scenarios will 
establish typical operational challenges which will have 
to be mastered. 

Scenarlo-I: (Fluid Line Construction) - This scenario 
involves assembly of tubular lines orducting which may 
be used for thermal control, propulsion, venting, life 
support, and laboratory supplies. The work-piece 
materials are likely to involve aluminum, stainless steel, 
titanium, and Inconel alloys. Due to standard geom- 
etries exhibited by tubular lines (varying primarily in 
diameter and wall thickness), most EVA-SCRAM op- 
erations (i.e. cutting, welding, NDE) in this scenario 
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Figure 11-0.5 mm Diameter Puncture 

Found in a Spacecraft Louver 


would be executed using semi-automated orbital de- 
vices which may be set-up manually or tele robotically 
(see Figures 3, 9, and 10). 

Scenarlo-ll: (Structural Member Construction) - This 
scenario involves assembly of structural members which 
may be in the form of brackets, struts, beams, small 
truss, tubular extrusions, or plates. These members may 
be used for mounting equipment to the outside of the 
spacecraft, for routing and housing electrical lines (i.e. 
electrical conduit), or for shielding spacecraft systems. 

The work-piece materials are likely to involve aluminum, 
stainless steel, titanium, and Inconel alloys, and even 
composites. This scenario may involve both standard 
and non-standard geometries at the structural joints to 
be welded or cut. For standard geometries (i.e. involv- 
ing tubular extrusions), semi-automated devices can be 
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on aterrestrial assembly line) may be applied effectively with a manual or telerobotic set-up. 

Scenarlo-VI: (Large Orbital Truss Construction) - This scenario involves assembly of large truss 
stmctures by massproduction welding and NDE of truss membenoints (see Figures f and 12). The 
work-piece materials are likely to involve aluminum, stainless steel, titanium, and Inconel alloys, and 
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even composites. For this scenario's repetitive 
and tedious mass production operations, auto- 
mation is preferred. Truss members joints can 
be made suitable for automated EVA-SCRAM 
operations. For example, tubular truss mem- 
bers can be effectively welded and inspected 
with an orbital EVA-SCRAM device, like the one 
proposed for scenario-1 (see Figure 10). To 
achieve full automation, however, the orbital 
device should be manipulated (set-up on the 
workpiece) by an autonomous robotic system 
with built-in artificial intelligence (see Figure 9). 

Less efficient truss construction can be achieved 
using telerobotic manipulation of the EVA- 
SCRAM device (i.e. using the RMS), or even 
manual manipulation. However, the actual joint 
seam tracking (i.e. for welding and inspection) 
will have to be accomplished using automation. 

Scenarlo-VII: (Aerobrake and Shadow Shield 
Construction) - This scenario involves assembly of large plated-structures by mass production welding 
and NDE of plate member joints (see Figures 7 and 8). The work-piece materials are likely to involve 
aluminum, stainless steel, titanium, and Inconel alloys, and even composites. For this scenario's 
repetitive and tedious mass production operations, automation is preferred. Plate member joints can 
be made suitable for automated EVA-SCRAM devices. To achieve full automation, however, the EVA- 
SCRAM device should be manipulated (set-up on the workpiece) by an autonomous robotic system with 
built-in artificial intelligence (see Figure 9). Less efficient construction can be achieved using telerobotic 
manipulation of the SCRAM device (i.e. using the RMS), or even manual manipulation. However, the 
actual joint seam tracking (i.e. for welding and inspection) will have to be accomplished using 
automation. 

Scenarlo-VIII: (Lunar Outpost Construction) - This scenario involves a very important element which 

has been absent from the previous seven scenarios - gravity. The Moon's gravitational force, even 
though about one sixth of Earth's, will greatly facilitate EVA-SCRAM operations. The EVA-SCRAM 
operator no longer has to be tethered to the tools and attached, in one form or another, to a spacecraft. 
In addition, relative motion and position between the EVA-SCRAM operator and the workpiece will be 
simpler to control, since the Moon's gravity will bound both. Lunar EVA-SCRAM operations will involve 
various applications as described earlier, including construction, repair, and maintenance of structures, 
habitation / laboratory modules, antennae, solar collector arrays, power plants, fluid lines (plumbing), 
surface vehicles, descent-ascent vehicles, and other various equipment (see Figure 5-6). Work-piece 
materials are likely to involve aluminum, stainless steel, titanium, and inconel alloys, and even 
indigenous lunar produced metal alloys. Since the Lunar surface is still a vacuum-radiation hostile 
environment for EVA manned operations, execution of EVA-SCRAM tasks would emphasize teleoperation 
and automation over manual operations. However, some manual EVA support will always be required. 

SCRAM PERFORMANCE AND SAFETY ISSUES 

Designing an EVA-SCRAM system, requires that we consider the performance and safety of both the 
operator (i.e. astronaut, robotic device) and the mission (i.e. remaining crew, spacecraft, payloads). 

EVA Crewmember Manual Performance Issues: Three major factors that may degrade EVA 
crewmember performance are extravehicular mobility unit (EMU) encumbrances, insufficient working 
volume, and inadequate restraints and mobility aids (see Figure 13). The EMU (space suit) is an 
independent anthropomorphic system that provides crewmembers with environmental protection, life 
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support, mobility, communications, and visibility while per- 
forming various EVA’s. The EMU incorporates a specially 
designed garment which can withstand high temperature, 
pressure, radiation, and physical wear. Consequently, the 
EMU limits the astronaut’s manual dexterity and body move- 
ment. The EVA crewmember reaches fatigue levels much 
quicker than an operator (i.e. welder) on Earth; because 
delicate and precise hand movement require significant men- 
tal concentration and physical effort with the impeding pres- 
surized space garment. Manual tasks such as the manual 
removal or replacement of threaded fasteners, continuous 
force-torque application, and extended gripping functions 
need to be minimized by the design of an EVA-SCRAM 
system (see Figure 14) [ref-1]. In addition, the EMU helmet 
impedes coordination and severely restricts visual examina- 
tion of small-tight operations (i.e. welding). Because manual 
welding is a process which requires precision, coordination, 
and the ability to control several factors simultaneously (i.e. 
welding travel speed, welding arc gap, welding current output, 
and even welding filler wire feeding), the astronaut would have 
to be extensively prepared and trained for each single task. 
But, even then manual EVA-SCRAM welding operation may 
have low (20%) success rate, as can be expected of a 
comparable challenging terrestrial manual welding task. On 
Earth we accommodate the low success rate by simply cutting 




control, similar to existing terrestrial orbital weld- 
ing systems (see Figure 1 5). These automated 
systems provide a 98% success rate. There- 
fore, manual EVA-SCRAM process execution 
(i.e. manual welding) should be reserved only 
for contingencies, where an automated system 
has failed or cannot be applied. 

Other Performance Issues: EVA-SCRAM 
operations will occur in both light and shadow 
(at 45 minute intervals in LEO) with consequent 
thermal gradients and sun-light reflections off of 
the workpiece. These dynamic factors will 
challenge operation of the EVA-SCRAM pro- 



Figure 15 - Dimetric’s State-of-the-Art 
Automated Programmable Welding System 
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cesses, requiring real-time electronic / optical sensor feedback and adaptive computer control in order 
to effectively perform routine SCRAM tasks. Robotic slave arms, such as the Shuttle’s RMS with the 
Dextrous End Effector (DEE) and the Servicing Aid Tool (SAT), are incapable of the precision 
movement degree required for directly executing SCRAM's welding, brazing, cutting, and perhaps NDE 
processes. The robotic slave arms, however, should be capable of supporting telerobotic set-up and 
activation of a semi-automated EVA-SCRAM device (i.e. orbital welding head - see Figures 1 0 and 1 5). 

Safety Issues: Safety of the spacecraft crewmembers and mission are of prime importance and, 
therefore, will govern the design of the EVA-SCRAM tool-kit and its operation modes. EVA-SCRAM’s 
various tools and processes exhibit the following safety hazards: temperature extremes, electrical 
shock, contamination, and radiation. EVA-SCRAM's SWATT processes (electron beam, gas tungsten 
arc, plasma arc, and laser beam) are thermal tools which generate hot temperature extremes (i.e. a 
molten weld puddle). SWATT processes employ high currents or high voltages (depending on the 
process). Some of EVA-SCRAM's operations (i.e. weld- 
ing, coating, cutting) produce varying levels of metal 
vapor which is redeposited on near-by surfaces. Lastly 
but not least, EVA-SCRAM's SWATT and NDE pro- 
cesses produce various levels and combinations of radia- 
tion (depending on the process), including: ultraviolet, 
infrared, extreme bright light, laser light, x-ray, acceler- 
ated electrons, and electro-magnetic interference. In 
summary, EVA-SCRAM is faced with various challenges 
of providing acceptable hazard inhibits and controls. 

SCRAM’s terrestrial counter-part processes (i.e. weld- 
ing) have been employed for years successfully, meeting 
safety requirements via various conservative safety mea- 
sures and techniques. These terrestrial safety tech- 
niques and others can be modified to solve all of the 
safety issues associated with EVA-SCRAM. 

CONCLUSION 

EVA-SCRAM is a leap into a new realm of on-orbit and 
even Lunar surface operations. By taking-on the chal- 
lenge of EVA SCRAM operations, using the acceptable 
NASA safety approach, we will develop new critically 
needed tools for our upcoming space programs. The 
success of HST, EDO, LDO, SSF, and Lunar / Mars 
manned missions depends on the availability of EVA-SCRAM capabilities. On-orbit manual EVA- 
SCRAM experiments have already been initiated by the former Soviet Union (see Figure 16). EVA- 
SCRAM experiments should be continued with emphasis on productive operation modes, including: 
teleoperation, semi-automation, and full-automation. The EVA-SCRAM manual operation mode 
should be reserved forsemi-automated device set-up and contingencies. EVA-SCRAM operations can 
be hazardous, especially if an EVA crewmember is present at the worksite. But, these hazards are 
containable. The nearest-term EVA-SCRAM applications which should be pursued, include: construc- 
tion of fluid lines and structural members, repair of punctures by orbital debris, refurbishment of surfaces 
eroded by atomic oxygen, and cleaning of optical, solar panel, and high emissivity radiator surfaces 
which have been degraded by contaminants. 
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Figure 16 - Former Soviet Union EVA 
Manual Welding Experiment 



